Introduction
In the fields of biological, clinical, agricul tural, geological and environmental sciences, it is often crucially important to know the chemical forms as well as the total amount of an element in a sample. This is because the chemical form determines the mode of inter action of the element in biological systems. To this date, while there is abundant total element data, there is in general very little information on the forms of most elements at trace levels in complex samples from the above fields. It is important, therefore, to accelerate the development of methods for elemental speciation in order that problems in the above subject areas may be more readily solved.
When compounds are relatively stable, separation using the various techniques of chromatography are possible. If the element specific techniques of atomic absorption, fluore scence and emission spectroscopy are used as chromatography detectors rather than (or in addition to) the conventional, non-selective detectors such as UV-visible spectrophotometry for liquid chromatography and flame ionization for gas chromatography, then the chromato grams thus produced will be much easier to interpret.
It is to be expected that rapid ad vances in the methodology for trace elemental speciation will be made using element specific detectors with chromatography.
In the follow ing, a critical evaluation of work in this field up to December 1981 is given. The review does not attempt to cover every paper, but is a careful selection of work which illustrates the important points and applications.
The use of element specific detectors with chromatography was pioneered by McCormack et al. 1) (atomic emission) and Kolb et al. 2) (atomic absorption) in 1965 and 1966, respec tively.
Also during 1965 and 1966, a series of papers by Bache and Lisk 3-5) employing microwave plasma atomic emission detectors for gas chromatography also appeared. How ever, little practical applications research using these approaches appeared until the mid 1970's. To December 1981, there have been about 200 papers published on this subject.
With the exception of work on compounds consisting solely of C, N, H, and O, which will not be covered by this review, the elements As, Hg and Pb have received the greatest attention.
Considerations in Interfacing of Atomic Spectrometry with Techniques of Chromatography
The atomizer is the point of interface of chromatography with the techniques of atomic spectrometry. Table I summarizes the atom izer choices for gas and liquid chromatography which have appeared in the literature to date.
Unlike the case of interfacing gas and liquid chromatography with mass spectrometry, the interfaces with techniques of atomic spectro metry are, in most cases, relatively simple. The atomizer and type of atomic spectrometry detector which is chosen depends on a number of factors, the most important of which follows:
(i) availability of equipment (ii) detection limit required (iii) ease of making the interface (iv) the need for single or multielement detection In general terms, furnace atomizers with atomic absorption or fluorescence spectrometry give the best detection limits (often 1 to 2 orders of magnitude better).
In the case of refractory elements such as Ti, V, Zr, Nb, Ta, U etc., ICP (inductively coupled plasma) or DCP (direct current plasma) emission may give comparable or better detection limits.
The microwave-induced plasma (MIP), par ticularly the Ar or He atmospheric pressure MIP using the Beenakker cavity, 6) can be highly recommended for gas chromatographic detection.
Unlike other types of microwave plasmas, this one is very stable over extended periods of operation.
Detection limits for elements such as Hg are among the best achievable. 7) Solvents will cause instability or even plasma extinction, and must be vented DCP's and ICP's are very excellent choices for use with liquid chromatography. They are much more stable with respect to solvent introduction than are microwave plasmas. Although these plasmas have been used for gas chromatography, generally detection limits are poorer than other competitive approaches. ICP's and DCP's are particularly recommended when refractory elements are to be determined in liquid samples.
Also these plasmas give the least species dependent response of all atomizers.
Flame atomizers, particularly air-acetylene and nitrous oxide-acetylene find wide applica tion in chromatographic detection. Detection limits for most elements in flames are poorer than with furnace atomizers. However, quartz tube-in-flame devices (see below) for use with gas chromatography give almost the same detection limits within a factor of 3 as that obtained for alkyl Pb compounds with furnace atomizer. 8)
Furnace atomizers used with atomic ab sorption or atomic fluorescence give the best detection limits for most elements.
They will be the atomizers of choice in many cases because it is very frequently essential to have the best detection limits when working with real samples from the subject areas mentioned above. The most difficult atomizer interface of all is that of liquid chromatography with furnace type atomizers.
It is impossible to make a direct connection between a liquid stream and commercial furnace atomizers because of the necessary stepwise nature of furnace heating cycles. Of the available fur nace type atomizers, the Perkin-Elmer or similar type tube furnace in absorption and the Varian-Techtron carbon cup or similar type in fluorescence give the best detection limits and are to be recommended in most cases. A L'vov type platform should, of course, be used when liquid samples are to be analysed. Other resistively heated furnaces (e. g., quartz tubes wound with nichrome wire) can be re commended for gas chromatographic detection. These devices give detection limits within an order of magnitude of commercial furnaces (see below) and are much less expensive.
In the case of work with the hydride forming elements (both direct gas chromatographic detection and liquid chromatographic work where hydride generation is involved), the [Ref. 10] quartz tube atomizers give best detection limits.
Multielement detection may be necessary in some applications.
For this purpose, simul taneous analysis is usually essential. The available choices are atomic emission spectro metry and non-dispersive atomic fluorescence spectrometry.
The experience with the latter technique is not extensive because, until re cently, commercial instrumentation was not available. Generally therefore, ICP and DCP emission spectrometry for liquids and gases or microwave plasma emission spectrometry for gases can be recommended.
It is of interest to compare relative detection capabilities of atomizers used with different techniques of atomic spectrometry for an actual analysis. Radziuk et al. 8) and Coe et al. 9 ) did a comparison of relative detectable amounts for organo-lead and organomanganese compounds, respectively, using flame and furnace atomizers with atomic absorption and atomic fluorescence spectrometry detectors. Ar atmospheric pressure plasma using a Beenakker cavity is recommended.
DCP, ICP and flame atomizers may be directly interfaced with gas chromatography, (see Fig. 1 ). In the case of plasmas, an argon carrier gas should be used in the chromato graph. The chromatograph carrier gas can then be used as part of plasma sample carrier gas flow.
The same strategy can be used in interfacing flames where the chromatographic carrier gas may be used as part of the auxil iary gas stream. A better approach in the case of flames is to use a quartz tube held in the flame. The gas from the chromatograph is then passed into the hot quartz tube.
Problems due to atomization of organo metallic compounds in hot transfer lines near the atomizer may occur with furnace type atomizers.
Here the gas flow from the chro matograph is injected into the furnace through the injection port using a temperature resist ant tube, (see Fig. 2 ). The magnitude of atomization depends on the composition of the tube with SiO2, Al2O3__??__stainless steel, carbon >Ta>Teflon.
This problem was obviated by De Jonghe et al. 12) by injecting the gas chromatographic effluent flow directly into the internal gas flow of the device. While this latter approach appears to be preferable, the present authors know of no data to show how detectable amounts compare using the two methods. 3.2 Liquid chromatography interfacing Interfacing of liquid chromatography with ICP's and DCP's, e. g., Fig. 3 , is relatively easy. The sample uptake rate of these plasma's is around 1-2 ml/min and this is generally comparable with the flow rate of liquid from [P. C. However, special impact nebulizer interface was necessary to deal with hydro carbon and halocarbon solvents used in normal phase liquid chromatography.
Burner nebulizer flow rate are usually 3-6 ml/min. Thus in interfacing flame atomizers with high performance liquid chromatography, it it necessary to use a method which takes account of the slower flow rate (1-2 ml/min) of the liquid chromatograph.
It is possible to use an auxiliary liquid flow as has been suggested by several workers.
However, such an approach is not recommended because of the dilution involved. A better method was sug gested by Slavin and Schmit, 14) (see Fig. 4 ). [W. The automatic sampler of the atomic absorption unit is used as a frac tion collector and each fraction is analysed in turn by the atomic absorption instru ment in the conventional way. A chromatogram obtained using these ap proaches looks unusual (e. g., using the method (ii), Fig. 6 is obtained), but it is none-the-less useful than conventional chromatograms.
Using the above methods, a light loss in sensitivity will generally be obtained because the exact top of the peak for a constituent will be missed. Vickery et al. 11) proposed a peak storage method.
For this approach, a UV detector is used to identify when a desired component is coming out of the chromatograph and the solution containing all of this constit- uent is stored in a length of thin diameter tubing.
Each consecutive fraction of sample in the tube is later analysed.
When hydride elements are to be determined, the following proposal by Ricci et al. 14) is highly recommended.
These workers pro posed the interfacing of ion chromatography with an atomic absorption detector for the determination of arsenite, arsenate, dimethyl arsenate and p-aminophenyl-arsenate by con tinuous evolution of the respective gaseous arsines produced after the chromatographic separation.
This is an excellent approach that combines the high sensitivity of the hydride generation technique with the superior separa tional characteristics of the ion chromatograph. The approach also avoids the criticism of the frequently used approach of gas chromato graphy for the separation of the respective evolved hydrides of the above arsenic compounds from solution, prior to their separation. Such a method may result in an alteration of the original solution composition.
Methodology
Element specific detectors can be used with most column chromatography techniques. Sometimes it will be important to make slight changes in the procedures to better accomodate the special characteristic of the atomizer being employed. For example, it is best, if possible, to choose a solvent with good burning charac teristics when using a flame. However, in most cases, no change to chromatographic methodology is necessary. Although element specific detectors have a distinct advantage in most aspects of elemental separation work, the following 2 limitations must be taken into consideration: (i) Column decomposition products of the com pounds of interest, which do not contain the element(s) being determined, will not be identified. (ii) Important compounds in the sample, not contained the element(s) of interest, will not be detected. When these problems must be avoided, a conventional detector may be used in series or parallel with the element specific detector. Series operation is preferable because the sensi tivity will not be affected.
However, when the conventional detector adversely affects the sample for element specific detection, e. g., a flame ionization detector, parallel operation must be employed.
Standardization
Species dependency of the detector signal may be a problem in some instances. If such is the case, standardization must be done with each constituent individually.
Alternatively a chemical treatment step can be performed to convert the compounds to a species independ ent form prior to atomization.
Some determinations such as the gas chro matographic determination of substances in air are dynamic in nature. It is best, therefore, in these cases to use a dynamic method for standardization.
Although this is difficult in most instances, it is much superior to a static approach and should be employed whenever possible.
General principles in developing method
ology A few statements must be made on special strategies which will be necessary in develop ing methodology for elemental separation.
When organometal compounds are being separated, it is important to remember that many of these are relatively unstable under conditions commonly employed in chromato graphy. It is important, therefore, to use nonreactive equipment, e. g., glass or Teflon coated columns and transfer lines.
Injection ports must also not contain exposed metal. As low a temperature as possible should be employed.
It is inadvisable to use gas chromatography (better detection limits), when dealing with solutions of substances which can be converted to corresponding volatile compounds. For ex ample, several workers have recommended analysing mixtures of arsenate, arsenite, di methylarsenic acid, methylarsonic acid etc. by converting them to their corresponding arsines. This approach, however, is very suspect because such reactions may also alter the original relative amounts of each constituent. The approach described by Ricci et al. 16 ) whereby liquid chromatography is used for separation followed by hydride generation in the effluent stream is highly recommended in such in stances.
Specific Applications
Most work with element specific detectors has been done on compounds of As, Pb and Hg. Out of a total of about 200 references in this field, about 130 refer in some way to these 3 elements. mm packed with TSK Gel 3000 SW (Toyo Soda). A 0.9% NaCl eluent solution was em ployed at a flow rate of 1.0 ml/min at room temperature.
Mercury
The elements studied were Ca, 
